Introduction
Microdialysis is unique in that it allows the chemistry of the extracellular interstitial fluid to be monitored continuously. Since its conception by Ungerstedt and Pycock in the 1970s [1] and its introduction into clinical practice approximately 25 years ago [2] , it has been applied to study the tissue chemistry of several human organs. Most experience has been acquired in the setting of neurocritical care. In this arena, microdialysis has been applied to patients with several conditions, and in particular traumatic brain injury (TBI) and subarachnoid hemorrhage (SAH). There is no doubt that this technique has increased our understanding of the pathophysiology of these disease processes [3] . Furthermore, microdialysis has evolved into a clinical tool for the management of patients on an individual intention-to-treat basis.
In neurocritical care, microdialysis data is typically collected together with intracranial pressure (ICP) [allowing calculation of cerebral perfusion pressure (CPP)] and brain tissue oxygen tension (PbtO 2 ). Microdialysis complements these techniques by providing additional information on substrate delivery and metabolism at the cellular level. It thus provides the most direct means to monitor the fundamental process of ''energy failure''. Of critical importance is that such measurements can be made in real time at the bedside.
In 2003, a group of experts met to review the status of microdialysis as a clinical monitor. This culminated in the publication of a consensus statement in 2004 [4] providing guidance on the use of the technique in TBI and SAH patients. More recently, the role of microdialysis has been evaluated by participants of the International Multidisciplinary Consensus Conference on Multimodality Monitoring [5] .
In April 2014, an international forum was convened in Cambridge, UK, with the aim of reviewing evidence for the clinical application of microdialysis in neurocritical care and producing a revised and updated consensus statement [4] . Since the original consensus statement, *680 articles have been published on microdialysis in neurocritical care. With this increased experience, there was a need to update the 2004 consensus statement. Although there was some overlap between the objectives of this meeting and that of the International Multidisciplinary Consensus Conference on Multimodality Monitoring, i.e. to review the evidence for using microdialysis to guide clinical care, the principal objective of the International Forum in Microdialysis differed in that 
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Abstract Microdialysis enables the chemistry of the extracellular interstitial space to be monitored. Use of this technique in patients with acute brain injury has increased our understanding of the pathophysiology of several acute neurological disorders. In 2004, a consensus document on the clinical application of cerebral microdialysis was published. Since then, there have been significant advances in the clinical use of microdialysis in neurocritical care. The objective of this review is to report on the International Microdialysis Forum held in Cambridge, UK, in April 2014 and to produce a revised and updated consensus statement about its clinical use including technique, data interpretation, relationship with outcome, role in guiding therapy in neurocritical care and research applications.
Keywords Brain chemistry Á Microdialysis Á Outcome Á Subarachnoid hemorrhage Á Traumatic brain injury we aimed to combine literature review with expert opinion to produce practical guidance for the use of cerebral microdialysis as a clinical monitor and to help guide future clinical studies utilizing cerebral microdialysis.
Methods
The senior authors selected specific 'key speakers' to review a particular area of the literature. These individuals were selected based on their experience and contribution to the literature on a particular aspect of microdialysis monitoring. See Appendix 1 in the supplementary material for a list of key speakers and for the topics they each reviewed. The other participants of the meeting were identified through literature review and by correspondence with the key speakers who were able to identify other clinicians and scientists active in using microdialysis in neurocritical care patients. At the meeting, the literature was presented to the whole group followed by discussion to allow consensus generation. After the meeting, the recommendations were circulated to all participants allowing further discussion and revision.
In addition, for the purposes of the consensus statement, we performed a PubMed database search using the term microdialysis plus one of the following terms: 'traumatic brain injury', 'brain injury', 'trauma', 'subarachnoid hemorrhage', 'stroke', 'epilepsy', 'intracerebral hematoma' and 'cost effectiveness'. We restricted our review to using articles published in the English language. Where recommendations are based on published observational data, the relevant references are given although formal grading was not performed. Where references are not provided, the recommendations are based on expert opinion.
Discussion
Advances since the 2004 consensus statement Over the past 10 years, there have been significant advances in the clinical utility of microdialysis in neurocritical care. Evidence from large numbers of patients on how brain chemistry relates to clinical outcome means that we can better define pathological thresholds for microdialysis values. In addition, there is increasing evidence of how different therapeutic manoeuvres can improve chemistry. For a summary of the main advances since the 2004 consensus statement, please see Table 1 .
Most attention has been directed at the clinical utility to monitor TBI and SAH patients: see Table 2 for a summary of how brain chemistry relates to different aspects of the care of patients with TBI and SAH. Microdialysis has also been used in other neurological conditions including intracerebral hemorrhage [6], acute ischemic stroke [7-9], hepatic encephalopathy [10] and epilepsy [11, 12] . However, there is insufficient evidence at present to specifically incorporate the application of Table 1 Summary of advances since the consensus statement by [4] 2004 consensus statement [4] Current consensus statement In addition to recent advances as a clinical monitor, microdialysis continues to be a powerful research tool with numerous, varied and several novel applications that provide insight into various aspects of cerebral biology and pathophysiology. For a summary of on-going and future research, see Table 3 . Overall, further research should be directed at the integration of brain chemistry and other clinical monitoring data to better define targets for the individualized goal-directed management of the brain-injured patient.
Advances in microdialysis methodology
The technique of microdialysis is well established. For details on technique and on the factors that affect relative recovery, i.e. how the substance measured in the dialysate is related to the free concentration in the tissue interstitial space, please see supplementary material.
Microdialysis is used clinically to estimate extracellular interstitial concentrations of small molecules, but can also be used to recover much larger molecules such as inflammatory mediators from the interstitial fluid. Instead of the standard 20-kDa nominal molecular weight cut-off membrane, which recovers glucose, pyruvate, lactate, glycerol, glutamate, and other small hydrophilic molecules, a 100-kDa membrane is used to also recover larger molecules including cytokines. The recovery of small molecules does not differ between the two membrane types [13] . Increased experience in using microdialysis for large molecules less than 100 kDa has been achieved in the past 10 years. Importantly, the use of colloid in the perfusate (e.g., albumin or dextran) significantly improves the relative recovery of these large molecules [14] [15] [16] . However, in some situations, colloid perfusate can cause net influx of fluid into the catheter potentially dehydrating the interstitial space, and dextrans of molecular weight 40-250 kDa may leak through the microdialysis membrane potentially disturbing the interstitial microenvironment [14, 15, 17] . These problems may be overcome by using higher molecular weight dextrans, such as 500-kDa dextran, as colloid in the perfusate [18] [19] [20] . A useful alternative colloid to dextran is human serum albumin (HAS), which has been shown to improve recovery for the majority of cytokines compared to crystalloid perfusate without significantly dehydrating the interstitial space [16] .
Most experience of microdialysis in neurocritical care has been obtained with hourly measurements although more frequent sampling is possible [21] [22] [23] [24] [25] . Hourly sampling appears sufficient to detect the metabolic changes that can sometimes precede episodes of intracranial hypertension in TBI and symptomatic delayed ischemia in SAH [26] [27] [28] [29] . Hence, microdialysis has the potential to be used as an early warning system of secondary insults. However, dynamic changes in brain • The LP ratio is a marker of cellular redox status.
• The LP ratio is a quantitative measure (independent of relative recovery).
• An increased LP ratio may result from a failure of oxygen delivery (ischemic hypoxia) or from nonischemic causes (e.g., mitochondrial dysfunction) [74, 75].
• The absolute lactate and pyruvate concentrations should be considered when interpreting a high LP ratio.
• Ischemia and mitochondrial dysfunction are two ends of a spectrum of factors that increase the LP ratio.
• An increase in the LP ratio in the presence of low pyruvate (and low oxygen) indicates ischemia.
• An increase in LP ratio in the presence of normal or high pyruvate (and normal oxygen) indicates mitochondrial dysfunction.
Glutamate
• Glutamate is an excitatory amino acid and neurotransmitter. Excess levels are thought to be an additional injurious mechanism and may exacerbate injury in TBI and SAH. • Measuring cerebral glutamate is an option and may be useful in estimating prognosis.
Glycerol
• Glycerol is a marker of cell membrane breakdown. It is a potential marker of oxidative stress.
• Glycerol has limited specificity; brain glycerol concentrations are influenced by systemic concentrations. Systemic glycerol concentrations reflect a stress response and/or administration of glycerol-containing substances.
• There is no definitive evidence of a relationship between glycerol and outcome.
• Cerebral glycerol is an option as a marker of cerebral injury.
Guidance for use of microdialysis in traumatic brain injury and subarachnoid hemorrhage-catheter location, reference values and interventions
Traumatic brain injury
• In diffuse TBI, we recommend placing the catheter in the right (non-dominant) frontal lobe.
• In focal TBI, there are different options for catheter placement that depend on whether the goal is to monitor tissue at risk or normal brain, e.g., to guide systemic glucose treatment.
• Where there is a focal lesion, we recommend, if feasible, catheter placement ipsilateral to the lesion and in radiographically normal brain.
• Multiple catheters are an option in focal TBI.
• E.g., placed at craniotomy for a focal lesion into perilesional brain with a contralateral 'bolt' catheter in radiographically normal brain.
• Stereotactic placement is an option but rarely practical.
Subarachnoid hemorrhage
• There are two principal indications for the insertion of microdialysis in SAH patients:
1. As a primary monitoring device in mechanically ventilated ('poor-grade') patients. 2. As a monitor of patients with a secondary neurological deterioration.
• As a primary monitoring device, we recommend catheter location in the watershed anterior cerebral artery-middle cerebral artery (ACA-MCA) territory (frontal lobe) on the same side as the maximal blood load seen on CT or the ruptured aneurysm. If the blood load is symmetrical, we recommend non-dominant frontal lobe placement.
• In patients with a secondary neurological deterioration, catheter location should be guided by local practice to identify tissue at risk (e.g., CT perfusion scanning or trans-cranial Doppler).
• Multiple catheters are an option in SAH.
Reference values and interventions
• • If the LP ratio indicates ischemia, i.e. an increase in the LP ratio in the presence of low pyruvate, CPP augmentation is a therapeutic option.
• If the LP ratio is increased in the presence of low brain tissue oxygen, interventions that improve oxygen delivery, such as judiciously increasing the cerebral perfusion pressure, increasing PaCO 2 , increasing inspired concentration of oxygen and/or correcting anemia, should be considered. However, all of these interventions have potential side effects, and the choice of intervention will depend on the preintervention levels of any given variable, and a consideration of the side effects of the intervention. Thus, for example, in patients with significant hypocarbia, an increase in PaCO 2 might be the most appropriate intervention, but may be difficult to achieve due to increases in intracranial pressure.
Tiered approach to the clinical value of substances
• Accumulating evidence since the last consensus statement indicates that the value of the metabolites can now be considered in a tiered fashion (tier 1 being most robust and useful) for their clinical application as follows. This hierarchy is based on the larger volume of observational data linking glucose and LP ratio with outcome compared to glutamate and glycerol and on the greater potential for glucose and LP ratio to direct clinical interventions.
• Tier 1: glucose and LP ratio.
• Tier 2: glutamate.
• Tier 3: glycerol.
Summary and future directions
Cerebral microdialysis is a reliable and safe technique that is used in the clinical management of neurocritical care patients and in particular those with severe TBI or SAH. In addition, there are several research applications that are important for developing our understanding of brain physiology, pathophysiology and drug development. Since the 2004 consensus document, there have been significant advances in our understanding of how microdialysis can be used. There is now evidence from large numbers of patients on how abnormal brain chemistry relates to clinical outcome. The measurement of glucose, lactate and the LP ratio are now considered more useful than glutamate and glycerol. The LP ratio, interpreted in the light of absolute pyruvate concentrations and PbtO 2 , can be used to differentiate ischemic from non-ischemic causes of energy dysfunction. Importantly, there is increasing evidence of how different therapeutic manoeuvres influence brain chemistry. Microdialysis is well placed to help guide the management of patients in an individualized and targeted fashion. For its effective use, microdialysis should be integrated into brain multi-modal monitoring systems and interpreted with knowledge of catheter location and clinical context. Future clinical research should focus on assessing the clinical effectiveness of decision-making based on microdialysis, as part of multi-modality monitoring of acute brain injured patients, and its integration into treatment paradigms in neurocritical care. 
